Objective-Functional and morphological changes of the arterial wall already present in young children with heterozygous familial hypercholesterolemia (HeFH) suggest that treatment should be initiated early in life to prevent premature atherosclerotic cardiovascular disease. The purpose of this study was to assess the efficacy and particularly safety of statin therapy in children with HeFH. Methods and Results-We performed a meta-analysis of randomized, double-blind, placebo-controlled trials evaluating statin therapy in children aged 8 to 18 years with HeFH. Six studies (nϭ798 children) with 12 to 104 weeks of treatment were included. Total cholesterol, LDL cholesterol, and apolipoprotein B were significantly reduced, whereas HDL cholesterol and apolipoprotein A1 were significantly increased by statin therapy. No statistically significant differences were found between statin-and placebo-treated children with respect to the occurrence of adverse events (RR 0.99; 95% CI: 0.79 to 1.25), sexual development (RR of advancing Ն1 stage in Tanner classification 0.96; 95% CI: 0.79 to 1.17), muscle toxicity (RR of CK Ն10 times the upper limit of normal [ULN] 1.38; 95% CI: 0.18 to 10.82), or liver toxicity (RR of Ն3 times the ULN for ASAT 0.98; 95% CI: 0.23 to 4.26 and for ALAT 2.03; 95% CI: 0.24 to 16.95).
H eterozygous familial hypercholesterolemia (HeFH) is a common monogenetic disorder with a prevalence of about 1 in 500 in Whites. 1 It is characterized by defective low-density lipoprotein cholesterol (LDL-C) receptors on the surface of hepatocytes. This leads to severely elevated levels of plasma LDL-C from birth onwards, 2 causing premature atherosclerosis and cardiovascular disease (CVD). 3 If untreated, about 50% of males and 30% of females will develop CVD before the age of 60. 4 In adults with HeFH, 3-hydroxy-3-methylglutaryl (HMG)-coenzyme A (CoA) reductase inhibitors (statins) are the core of pharmacological therapy. They have been proven safe and well-tolerated agents that reduce LDL-C levels as well as the incidence of coronary artery disease, stroke, and peripheral vascular disease. 5 Even though cardiovascular events are rare in childhood, children with HeFH already have functional and morphological changes of the vessel wall. This is illustrated by an impaired flow-mediated dilatation of the brachial artery 6 and an increased intima media thickness (IMT) of the carotid artery. 7 Both are surrogate markers for atherosclerotic vascular disease 8 and, thus, indicate that the atherosclerotic process has already been initiated early in childhood. Indeed, myocardial ischemia and coronary artery stenoses have been documented in young adults with HeFH. 9, 10 These findings strongly suggest that treatment should be started at young age. Until recently, only dietary interventions and bile acid binding resins were recommended but efficacy and compliance were mostly poor. 11, 12 Based on the efficacy and safety in adults, statins were expected to be beneficial for children as well. Hence, a number of clinical studies were performed to evaluate statin therapy in children with HeFH. All studies supported the efficacy of statin therapy during childhood. Consequently current scientific statement from the American Heart Association recommends initial treatment in childhood with statins at age Ն10 years in males and after the onset of menses in females. 13 However, most studies that evaluated statin therapy in children with HeFH were powered on the primary efficacy outcome and other outcomes, such as safety, were likely to be underpowered. Therefore, we sought to perform a meta-analysis on safety outcomes of randomized placebo-controlled trials which evaluated statin treatment in children and adolescents with HeFH. In addition, efficacy outcomes were also considered.
Methods

Search
We attempted to find all publications describing randomized controlled trials in which statin treatment was compared with placebo in patients with heterozygous familial hypercholesterolemia aged less than 18 years. Potentially eligible studies were retrieved via electronic databases (MEDLINE, EMBASE, CENTRAL). The following (combination of) medical subject headings and free text keywords were used: "familial hypercholesterolemia", "hydroxymethylglutaryl-CoA reductase inhibitors", "statin", "atorvastatin", "fluvastatin", "lovastatin", "pravastatin", "simvastatin", "rosuvastatin", "randomized controlled trial", "controlled clinical trial", "random allocation", "clinical trial", "double blind", "placebo", and "placebo controlled". To select a study population of less than 18 years of age we used a comprehensive search string that was standardized in our institution. Additional studies were sought by a manual search through reference lists of relevant publications, recent reviews, and editorials and through personal communication with experts in the field.
Study Selection and Data Extraction
Two reviewers determined the eligibility of retrieved studies independently, according to predetermined criteria. Difference in judgment by the reviewers was solved by discussion and consensus. Language restrictions were not imposed.
Inclusion was restricted to randomized placebo-controlled trials evaluating statin therapy in patients with HeFH Յ18 years of age. The following criteria were accepted for the diagnosis of HeFH: (1) genetic diagnosis, (2) fasting LDL-C Ն4.9 mmol/L (190 mg/dL), or (3) fasting LDL-C Ն4.1 mmol/L (160 mg/dL) with at least 1 biological parent with HeFH and a family history of premature atherosclerotic disease defined as onset of clinical atherosclerotic disease before age 55 in males or age 65 in females in first or second degree relatives. Studies were excluded if lipid lowering comedication was used, if treatment was unblinded, if they were duplicate reports or preliminary reports of data later presented in full, or if none of the following outcome measures were reported: lipid profile, IMT, or safety parameters.
Data of selected articles were extracted by 2 reviewers independently, following a predetermined form. In case a study had multiple treatment arms with different doses of a statin and only 1 placebo group, data of the treatment arm with the highest dose were extracted. If necessary, authors were approached for additional data. Difference in judgment by the reviewers was solved by discussion and consensus.
Efficacy and Safety Outcomes
To assess efficacy, we evaluated the differences in percentage change in total cholesterol (TC), LDL-C, high-density lipoprotein cholesterol (HDL-C), triglycerides, apolipoprotein B (ApoB), and apolipoprotein A1 (ApoA1) between statin-and placebo-treated children, and we evaluated the differences in absolute changes in intima media thickness (IMT). With respect to safety, we assessed the number of subjects with one or more adverse events and those with elevated aspartate aminotransferase (ASAT) or alanine aminotransferase (ALAT) more than 3 times the upper limit of normal (ULN) or creatinine kinase (CK) more than 10 times the ULN. Furthermore, we assessed the differences in growth and sexual maturation, expressed as the number of patients that proceeded one Tanner stage or more, during the study. Finally, we described the change in levels of testosterone, estradiol, follicle-stimulating hormone (FSH), luteinizing hormone (LH), and dehydroepiandrosterone (DHEAS).
Statistic Analysis
For continuous outcomes, we calculated the differences in means between the statin and placebo arms and the combined variance for each study. If study results for a certain outcome were homogeneous, we used a fixed model that considers consistency in treatment effects over individual trials with natural variation around a constant effect.
Then, the pooled mean difference was calculated by using the weighted sum of these differences, with the weight being the reciprocal of the combined variance for each study. In some cases, the mean changes for the treatment groups or standard deviation (SD) were not available in the source paper, nor after contacting the authors. If so, we estimated the difference by subtracting the mean at baseline from the mean after treatment. The SD was estimated by using formulas given by the Cochrane Handbook for Systematic Reviews of Interventions 14 or Follmann et al. 15 For dichotomous outcomes, we calculated a relative risk (RR) and 95% confidence interval (CI) for each trial separately. In case of homogeneous study results, the RRs were combined across studies using the Mantel-Haenszel procedure which assumes a fixed treatment effect.
Heterogeneity of study results was evaluated with the Chi 2 -and the I 2 -test, for each of the outcome measures separately. When the probability value of the Chi 2 -test was Ͻ0.10 and/or I 2 was Ͼ50%, data were considered as heterogeneous. In case of significant heterogeneity, data from the studies were combined using a random effects model according to the method of DerSimonian and Laird. 16 A Z test was performed to test the overall effect. All tests were performed using Review Manager 4.2.10 (The Cochrane Collaboration).
Results
Description of Studies
Our search yielded 537 publications of which 10 were randomized placebo-controlled trials which evaluated statin treatment in patients with HeFH less than 18 years of age. Four of these had to be excluded because they met 1 or more exclusion criteria ( Figure) . The characteristics of the 6 remaining studies, 11, [17] [18] [19] [20] [21] published between 1996 and 2005, are shown in Table 1 . The number of participants in the studies varied from 54 to 214. In total, 476 subjects received statin therapy and 322 subjects received placebo. The age of the participants ranged from 8 to 18. About 60% of the participants was male. The studies evaluated various types of statins for a period ranging from 12 to 104 weeks.
Two trials had adequate allocation concealment, 18, 19 whereas the other studies had unclear concealment. 11, 17, 20, 21 Discontinuations varied from 0% 17 to 9% 20 in the statin groups and 0% 17 to 25% 20 in the placebo groups ( Table 1 ).
The study of de Jongh et al 11 consisted of 2 periods. Twenty-one subjects did not continue to the second period of the study. Because the reason for discontinuation was unclear, we only analyzed data from the first study period (24 weeks). Furthermore, some safety data in this study were reported separately for male and female participants, whereas efficacy outcomes were presented for the total study population. Therefore, efficacy data are presented for males and females together and certain safety data are presented separately. In addition, the authors of this study provided additional safety data of the first period that were not previously published. Finally, because we had access to the original data set of the study of Wiegman et al, 18 we were able to analyze outcomes for participants who received 20 or 40 mg pravastatin separately.
Efficacy
All included studies reported the effect of statin therapy on lipids and lipoproteins ( Table 2) . Compared with placebo, statin treatment reduced TC significantly with an overall mean of 23% (95% CI: Ϫ27% to Ϫ19%). The LDL-C reduction ranged from 21% (95% CI: Ϫ27% to Ϫ15%) for lovastatin 40 mg to 39% (95% CI: Ϫ44% to Ϫ35%) for atorvastatin 10 to 20 mg. Analysis of the pooled data of these studies showed a statistically significant reduction of 30% (95% CI: Ϫ36% to Ϫ24%). In general, the effect on TC and LDL-C increased with more potent drugs or higher doses. With respect to HDL-C, 2 of the 6 studies 11,21 and the 40 mg group in the study of Wiegman et al 18 showed a statistically significant increase after statin treatment as compared with placebo treatment. Analysis of the pooled data showed a mild but significant elevation of HDL-levels (3.64%; 95% CI: 1.33% to 5.94%). Data on triglycerides could not be pooled because of the naturally skewed distribution of triglyceride levels, but none of the individual studies showed a significant change.
The effects of statins on ApoB were slightly less but quite consistent with the effects on LDL-C. ApoB reductions ranged from 16% (95% CI: Ϫ23% to Ϫ9%) for lovastatin 40 mg to 35% (95% CI: Ϫ39% to Ϫ31%) for atorvastatin 10 to 20 mg, with an overall mean difference of 25% (95% CI: Ϫ31% to Ϫ19%). There was a small but significant increase in ApoA1 with simvastatin 40 mg. Analysis of pooled data revealed a significant increase of 2.43% (95% CI: 0.41% to 4.45%).
One study reported the effects of statin treatment on IMT. 18 Results of this study showed a significant regression in carotid IMT (0.014ϮSD 0.046 mm; Pϭ0.02) in the statin group as compared with the placebo group.
Safety
Four of the included studies reported on adverse events. 11, 17, 19, 21 One study showed less patients with adverse events in the statin-treated group, 17 whereas the others did not find a significant difference in the occurrence of adverse events. Analysis of the pooled data revealed no increased risk of an adverse event when receiving statin therapy, as shown by a relative risk (RR) of 0.99 (95% CI: 0.79 to 1.25; Table 3 ). 
and Apolipoprotein A1 Compared to Placebo in Children and Adolescents With Familial Hypercholesterolemia
Weighted mean differences (WMD) are presented with 95% confidence intervals (CI) and estimated using a fixed-effects model for HDL cholesterol and Apolipoprotein A1; for the other parameters a random-effects model was used.
With respect to growth, 4 studies reported data on height of the participants. 11,18 -20 One study showed a statistically significant mean difference in length for male participants that favored the treatment group, 11 and analysis of the pooled data revealed a minimal but statistically significant change in height (0.33 cm; 95% CI: 0.03 cm to 0.63 cm) favoring the treatment group (Table 4 ).
None of the 3 studies that evaluated sexual development reported a difference between statin-and placebo-treated children. 11, 18, 21 Analysis of the pooled data showed a RR of advancing to a next Tanner stage during the studies of 0.96 (95% CI: 0.79 to 1.17) for statin-treated subjects compared with those on placebo (Table 4 ).
In all studies laboratory data on ASAT, ALAT, and CK were collected. No significant differences in the number of children with marked elevations were reported between statin-and placebo-treated subjects. The data of Knipscheer et al 17 were not included in the meta-analysis because they were not expressed in terms of more than 3 times the ULN (ASAT, ALAT) or more than 10 times the ULN (CK). Analysis of the number of children with elevated ASAT or ALAT more than 3 times the ULN of the 5 other stud-
TABLE 3. Forest Plot of the Relative Risk (RR) of 1 or More Adverse Events in Children With Familial Hypercholesterolemia Treated With Statins Compared to Placebo
A random-effects model was used for estimation of RR.
TABLE 4. Forest Plots of the Difference in Height Change and Sexual Development During the Studies Between Statin-and Placebo-Treated Children and Adolescents With Familial Hypercholesterolemia
Estimates are calculated in a random-and fixed-effects model for height change and sexual development, respectively. *Male participants; †Female participants; ‡Sexual development was measured as the No. of participants that proceeded 1 or more Tanner stages during the study. ies 11,18 -21 showed a RR of 0.98 (95% CI: 0.23 to 4.26) for ASAT and 2.03 (95% CI: 0.24 to 16.95) for ALAT. Data on CK were also pooled for these 5 studies, 11,18 -21 and the RR for having an elevation of CK of more than 10 times the ULN amounted 1.38 (95% CI: 0.18 to 10.82; Table 5 ).
Four studies 11,18 -20 reported values of (some of) the hormones testosterone, estradiol, FSH, LH, DHEAS, cortisol, corticotrophin, and thyrotrophin. Two studies reported a small but significant difference in DHEAS levels between the statin-and placebo-treated group. 11, 20 De Jongh et al 11 
Discussion
In this systematic review, data from 6 randomized controlled clinical trials were analyzed to evaluate the efficacy and safety of statin therapy in children aged 8 to 18 years with HeFH. It could be determined that statins significantly reduced TC, LDL-C, and ApoB as well as significantly increased HDL-C and ApoA1 levels when compared with placebo. Furthermore, none of the safety parameters differed between the statin-and placebotreated groups, except for a minimal difference in growth during the studies that favored the treatment group. These findings, in our opinion, underline both the efficacy and safety of statin therapy for children with HeFH.
In adult patients, efficacy and safety of statin therapy has already been studied extensively. [22] [23] [24] In a systematic review and meta-analysis, Law et al 23 quantified the effect of statins on LDL-C for the various types and doses of statins in adults with ischemic heart disease. In fact, the reductions of LDL-C in the studies included in our meta-analysis were quite similar compared with those presented in the meta-analysis of Law et al. 23 For example, atorvastatin 10 to 20 mg reduced LDL-C levels by 39% (95% CI: Ϫ44% to Ϫ35%) in children and by 43% (95% CI: Ϫ47% to Ϫ40%) in adults (atorvastatin 20 mg). Also, pravastatin 20 mg reduced LDL-C by 30% (95% CI: Ϫ37 to Ϫ22) and 23% (95% CI: Ϫ29% to Ϫ8%) in
TABLE 5. Forest Plots of the Relative Risk (RR) of Having Elevation of ASAT or ALAT >3 Times the Upper Limit of Normal (ULN) and CK >10 Times the ULN in Children With Familial Hypercholesterolemia Treated With Statins Compared to Placebo
Estimates were calculated in a fixed-effects model.
2 pediatric studies versus 24% (95% CI: Ϫ26% to Ϫ23%) in adults. Thus, disparity in age does not seem to influence the efficacy of statin therapy.
Arambepola et al recently published a review about the efficacy and safety of statin therapy in children with HeFH. 25 Whereas they also included a randomized crossover trial, a nonrandomized parallel matched trial, time series, and several prospective case series, we explicitly restricted inclusion to double-blind randomized placebo-controlled trials. Although their meta-analysis for LDL-C, TC, and HDL-C was based on fewer subjects, the reported overall mean differences were comparable to our findings. However, Arambepola et al presented safety outcomes only descriptively. In contrast, we were able to perform a meta-analysis on safety outcomes. Therefore, our review provides additional crucial information for current pediatric practice.
Muscle and liver toxicity caused by statin therapy constitutes the main concern in clinical practice, both for adults and children. A recent systematic review on statin safety in adults estimated a very rare occurrence of rhabdomyolysis of 3 per 100 000 person-years for atorvastatin, simvastatin, lovastatin, pravastatin, and fluvastatin. Also, in that review, doubt was expressed toward the occurrence of liver disease attributable to statins. 24 In our meta-analysis, the total number of subjects or person-years was far too small to estimate the risk of rhabdomyolysis. Five studies reported on elevations of ASAT, ALAT, and CK. No substantial elevations occurred in the treatment groups nor the placebo groups in 2 studies for ASAT and 3 studies for ALAT and CK. Because of the properties of Review Manager 4.2.10, which is the standard package of the Cochrane Collaboration for meta-analyses, these studies were not taken into account for calculation of the RR of these parameters. Consequently, the reported overall RR was only based on 2 or 3 studies. However, if we look at the absolute numbers of events, the total number of subjects with a CK elevation of more than 10 times the ULN was only 2 in the statin group (nϭ454) versus 1 in the placebo group (nϭ308). Similarly, 4 cases in the statin group (nϭ454) and 2 in the placebo group (nϭ308) had an elevation in ASAT of more than 3 times the ULN; for ALAT these figures were 3 cases in the statin group (nϭ454) and no cases in the placebo group. This implies that liver-and muscle-related adverse events are also rare in children. Nevertheless, because of the sample size studied and the relatively short duration of the studies, definite conclusions with respect to liver-and muscle-related adverse events cannot be drawn. Thus, even though statins seem safe, long-term muscle and liver safety in children and adolescents should still be monitored. However, based on current evidence, the risk of liver-and muscle-related adverse events does not appear to be a reason to withhold statin therapy in children and adolescents with HeFH.
The population in our study comprised children and adolescents, who are maturing to adulthood, and hence we particularly evaluated growth and sexual development. Metaanalysis showed that statin therapy did not impair growth or sexual development. For sexual development, we measured the relative risk of advancing to a next Tanner stage during the study. Ideally, sexual development should be monitored into full adulthood to assess whether full maturation (Tanner stage V) is reached. Long-term follow-up studies should evaluate sexual maturation into adulthood.
Cholesterol is a precursor for steroid and sex hormones, and as a consequence, possible effects of cholesterollowering agents on hormonal status are an important concern in children. Accordingly, 4 studies measured hormone levels. 11,18 -20 We did not perform a meta-analysis for these hormones, but the individual studies showed small but significant changes in both DHEAS and LH. Stein et al reported a small increase of DHEAS whereas de Jongh et al reported a small decrease 11, 20 in the statin-treated group. The 2 other studies did not find any differences. 18, 19 With respect to LH, Clauss et al showed slightly decreased levels of LH in the placebo group after 24 weeks of therapy, but levels in the lovastatin group were not affected. The difference between the statin-and placebo-treated groups was statistically significant. 19 In other studies, LH changes did not differ between the statin-and placebo-treated children 18, 20 or LH levels were undetectable. 11 Altogether, these findings suggest a large variability in hormone outcomes. This may be attributable to the fact that many of the hormones vary substantially within normal ranges, dependent on day-and nighttime (eg, cortisol) or menstrual cycle (eg, FH, FSH). 26 It is unclear whether this was taken into account when data were collected. Furthermore, all differences between statin-and placebo-treated children were probably too small to be of any clinical relevance as evidenced by an absence of growth or pubertal development abnormalities. Thus, based on currently existing data, it is highly unlikely that statins affect hormonal regulation in children and adolescents with HeFH.
The findings discussed above support the safety of statin therapy in children with HeFH. However, a limitation of our study is the duration of statin therapy in the studies included. This ranged from 12 to 104 weeks, whereas in clinical practice patients with FH are likely to continue statin treatment for the rest of their lives, once therapy is initiated. Even though these studies do not indicate adverse effects, further long-term follow-up studies are required to assess lifelong safety.
All included studies, except 1 which evaluated IMT, 18 measured the effect of therapy on lipids as the primary efficacy parameter. Although the relation between elevated LDL-C and CVD and the effect of lipid lowering treatment on CVD is evident, 22 the effect of lipid lowering treatment in childhood on CVD later in life is not as clear. Furthermore, the optimal age to start treatment is unknown as yet. 13 More randomized clinical trials on (surrogate) clinical end points such as IMT and, ideally, on cardiovascular events and death should be performed in order to further clarify these issues.
Based on the available evidence we conclude that statin therapy in children with HeFH is efficacious without untoward effects on safety, although further studies should assess lifelong safety. Because functional and morphological arterial wall changes are already present in these children, statin treatment should be considered for every child diagnosed with HeFH.
